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ARTICLE INFO ABSTRACT

Editor: Oleg Pokrovsky Gold nanoparticles (AuNPs) are found extensively in the near-surface Earth system. The transport, aggregation,
and deposition of AuNPs have been potentially recognized as an important process and even a fundamental

Keywords: intermediary step both in formation of high-grade gold deposits and in the dispersion of gold into the Earth’s

Gold nanoparticles surface environment. The interfacial adsorption between AuNPs and sulfide minerals is a long-recognized process

Arsenian pyrite

Adsornii regulating transport and deposition of gold in hydrothermal fluids, and the occurance of Au and As in pyrite are
sorption

Surface properties often observed in various hydrothermal Au deposits. However, the adsorption behavior of AuNPs on sulfide

Solution chemistry minerals and the fundamental chemical mechanism for the Au—As relationship remain enigmatic. In this work,

Negative charge-assisted hydrogen bonds we selected citrate as a surrogate for typical natural organic compounds abundantly found in lower-temperature
hydrothermal systems and Earth’s surface environment, and experimentally investigated the adsorption of
negatively charged AuNPs on pyrite and arsenian pyrite under anaerobic conditions. We demonstrate that pyrite
and nanoparticle surface properties, and solution chemistry, control the adsorption process. Negligible adsorp-
tion of AuNPs on pyrite (absent of As) was verified under all experimental conditions likely due to high elec-
trostatic repulsion. However, we observed AuNPs adsorption on arsenian pyrite and suggest that this interaction
is due to negative charge-assisted hydrogen bonds ((—)CAHBs) between hydroxyl/oxyl groups on the surface of
arsenian pyrite and carboxyl groups on the citrate capping agent of AuNPs. Also, the lower negative charge
density of arsenian pyrite surfaces significantly reduces electrostatic repulsion between both negatively charged
AuNPs and arsenian pyrite. The solution pH, coexisting organics (citrate) concentration, and ionic strength are
demonstrated to play substantial roles in the adsorption of AuNPs on arsenian pyrite. However, the solution pH
appears to be an overriding factor controlling the adsorption of AuNPs which decreases with the increase of pH.
With respect to citrate concentration, the adsorption rates of AuNPs onto arsenian pyrite initially decreases, but
only slightly, and then increases. Increased ionic strength also promotes the adsorption of AuNPs. Our findings
highlight a potentially important role of AuNPs in transport and deposition processes of gold in aqueous me-
diums, and provide new insights on the geochemical behavior of metal nanoparticles in the hydrothermal sys-
tems and Earth’s surface environment.

1. Introduction lakes and rivers, ground-water, and hydrothermal vents), lithosphere,
and biosphere (Hochella et al., 2019; Sharma et al., 2015). The

Metal nanoparticles have been found extensively in various portions continuing increase in production and use of gold nanoparticles (AuNPs)

of the Earth system, including the atmosphere, hydrosphere (e.g. oceans, in a wide range of consumer products and their direct or indirect
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applications inevitably result in their release into the environment.
AuNPs could not only influence the transport and fate of harmful heavy
metals, metalloids, radionuclides and organic pollutants in the Earth’s
surface environment, but also change the bioavailability, toxicity, and
geochemical cycling of contaminants as well as nanoparticles in the
environment, and consequently might have a potentially deleterious
impact on human and environmental health (Hochella et al., 2019;
Miller et al., 2017; Sharma et al., 2015). In addition, naturally formed
AuNPs (or colloidal gold particles) have been increasingly recognized as
an important component of gold in various geological environments (e.
g., hydrothermal fluids, black smoker fluids, hydrothermal deposits, and
supergene enrichments) (Gartman et al., 2017; Hannington and Garbe-
Schonberg, 2019; Hough et al., 2011; McLeish et al., 2021; Petrella
et al.,, 2022; Xian et al., 2022). A variety of mechanisms, including
chemical, physical, and biological processes separately or in combina-
tion, have been proposed to explain the occurrence of AuNPs in hy-
drothermal fluids and Earth surface environments (Gartman et al., 2019;
Hannington et al., 2016; McLeish et al., 2021; Petrella et al., 2020; Reich
et al., 2011; Sharma et al., 2015). Previous studies have documented
that the formation, transport, aggregation, and deposition of AuNPs
have been potentially recognized as an important process and even a
fundamental intermediary step both in formation of high-grade gold
deposits and in the dispersion of gold into the environment (Hastie et al.,
2021; Lee et al., 2021; Saunders, 1990; Saunders et al., 2020). When
AuNPs are present in hydrothermal and supergene environments, they
will be inevitably subject to interaction with various minerals (Hochella
et al., 2019). The adsorption and deposition of AuNPs on minerals has
been found to be a critical interfacial interaction process in governing
their geochemical reactions, and the migration and fate of gold in the
hydrothermal systems and Earth surface environments (Becker et al.,
2010; Sharma et al., 2015; Uchimiya et al., 2017; Zhou et al., 2021).
However, the underlying mechanism of interfacial adsorption and
deposition of AuNPs on minerals remains unclear. Therefore, a better
understanding of the geochemical behaviors of AuNPs in an aqueous
medium requires detailed experimental studies.

Pyrite and arsenian pyrite are the common gold-bearing sulfide
minerals in many hydrothermal gold ore deposits and widely exist in
Earth surface environments (Thiel et al., 2019). Previous studies have
documented coupled geochemistry of Au and As in sulfides from hy-
drothermal ore deposits, suggesting that arsenic might play a crucial role
during the enrichment process of Au, in which the incorporation of As
into the pyrite structure is likely to enhance the adsorption and depo-
sition of Au-sulfide complexes and AuNPs on pyrite surfaces (Deditius
et al., 2014; Gopon et al., 2019; Kusebauch et al., 2019; Large et al.,
2009; Pokrovski et al., 2021; Reich et al., 2005). Previous studies have
investigated the adsorption of AuNPs on pyrite, but these works focused
primarily on oxidized and natural pyrite surfaces (Fu et al., 2017; Luo
et al., 2018; Mikhlin et al., 2011). Such pyrite commonly contains a
variety of surface oxidation products and various trace elements, which
would result in variations of surface reactivity at nanoscale, and
consequently significantly affect the adsorption of AuNPs (Fu et al.,
2017; Murphy and Strongin, 2009; Zhu et al., 2018). To date, experi-
mental studies focusing on interfacial interaction between AuNPs and
arsenian pyrite under anaerobic condition are limited, although un-
derstanding such interactions are critical in developing microscopic
mechanisms for these processes.

Therefore, an experimental study on the adsorption of AuNPs on
synthetic pyrite and arsenian pyrite surface was carried out under
anaerobic conditions and in the presence of a representative organic
compound. It is worth noting that abundant organic matter has been
found in in various geological environments (e.g., supergene environ-
ments and hydrothermal ore deposits) (Lee et al., 2021; Migdisov et al.,
2017; Sharma et al., 2015). Organic matter may significantly contribute
to the formation of AuNPs via the reduction of aqueous gold species in
the aquatic environment (Lee et al., 2021; Williams-Jones et al., 2009).
These ubiquitous natural organic molecules commonly contains
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hydroxyl and carboxyl groups that can also readily cap and stabilize
AuNPs, and consequently may contribute to the transport of AuNPs in
aqueous suspension (Crede et al., 2019; Hotze et al., 2010; Sharma et al.,
2015; Williams-Jones et al., 2009). Thus, in this work, citrate, which
contains both hydroxyl and carboxyl groups, was selected as a reason-
able surrogate for natural organics (e.g. humic substances) to experi-
mentally investigate its role in the geochemical behavior of AuNPs (Liu
et al., 2019). The effects of arsenic incorporation into pyrite lattice and
various solution conditions, including solution pH, the concentration of
ligand (citrate), and ionic strength, were systematically investigated to
evaluate the roles of these factors in the adsorption behavior of AuNPs.
Finally, a possible adsorption mechanism, and geochemical implications
are also discussed.

2. Methods
2.1. Synthesis of arsenian pyrite

Arsenian pyrite with arsenic content of 2.5 wt% was prepared using a
hydrothermal method (Luo et al., 2018). Deoxygenated deionized water
was used in all experiments. In a typical process, 0.015 mol of FeS-
04-7H20, 0.015 mol of NayS-9H,0, and arsenic powder (0.001 mol)
were first mixed in 40 mL of water at room temperature and a black
suspension appeared immediately. Then 0.015 mol of NayS-9H,0 and
0.015 mol of S were mixed into 20 mL of water and heated until the
solution became transparent, which was subsequently added dropwise
to the above black suspension under vigorous stirring for 10 min. The
suspension was then transferred into a 100 mL Teflon-line autoclave,
and then hydrothermally treated at 200 °C in an oven for 24 h. After the
hydrothermal reaction, the product was collected by centrifugation, and
thoroughly washed with 1 mol/L H5SO4, 1 mol/L of NasS boiling solu-
tion, water, and absolute ethanol for several times. Finally, the as-
synthesized black sample was dried at 40 °C for 6 h in a vacuum oven
(DZF-6050, Shanghai Shenxian Thermostatic Equipment, China) and
then stored in a glove box in an anaerobic environment. For comparison,
pure pyrite (absent of As) was prepared without adding arsenic powder
under the same experimental conditions.

2.2. Adsorption experiments

Spherical AuNPs with an average diameter of about 18 nm were
synthesized according to our previous work (Fu et al., 2017; Luo et al.,
2018). In a typical synthesis procedure, 17.5 mL of sodium citrate so-
lution (1.00%, w/w) was quickly added to 500 mL of boiling HAuCl4
solution (0.01%, w/w) and stirred at 100 °C for 30 min. The resulting
samples were cooled down to ambient temperature and stored in a
refrigerator at 4 °C. All adsorption experiments were performed in an
anaerobic glove box at room temperature. The concentration of dis-
solved oxygen in the suspensions was determined to be <0.1 ppm using
a dissolved oxygen meter (JPB-607 A). The reaction solution was kept at
approximately 25 °C and stirred with a magnetic stirrer throughout the
experiment. In a typical adsorption experiment, 0.04 g of fresh arsenian
pyrites or pyrite was first added into 32 mL of 58 ppm Au colloid in a 40-
mL sealed glass bottle with an initial pH of 4.0-7.4 + 0.05 adjusted by
adding HCI or NaOH. Then, at different time intervals, the pHs of sus-
pensions were measured, and 2.5 mL of suspension was collected and
centrifuged for 5 min (4000 rcf) for later analysis. Afterward, an aliquot
(1.5 mL) of the resulting supernatant was digested overnight with 1 mL
of aqua regia to analyze the Au concentration using flame Atomic Ab-
sorption Spectroscopy (AAS, 990SUPER, Persee, China; detection limit
0.1 ppm). The concentration of dissolved iron in the supernatant was
also measured by AAS. The extent of adsorption was determined based
on the difference in Au concentration between initial and final liquid
phases. Citrate concentrations were determined using high-performance
liquid chromatography (HPLC, Agilent 1200, USA) equipped with a dual
absorbance detector (DAD) at a wavelength of 215 nm and a Zorbax SB-
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pyrite and pyrite after adsorbed AuNPs were characterized by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha, USA), atten-
uated total reflectance-Fourier transform infrared (ATR-FTIR, Bruker
Vertex 70 spectrometer, Germany), and Micro-Raman Spectrometry.

aq (3 x 100 mm, 1.8 pm) (Agilent) C18 reverse phase column. The
mobile phase was a H3PO4 solution (0.1%, v/v) with a flow rate of 0.6
mL/min. The resulting solid products through centrifugation were dried
and finally observed using scanning electron microscopy (SEM, Scios,
FEI Company, USA) with an acceleration voltage of 30.0 kV. The
chemical composition and chemical species of the surface of arsenian
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Fig. 1. XRD patterns (a) of as-synthesized pure pyrite and arsenian pyrite; XPS spectra of arsenian pyrite (b, ¢, and d); SEM images of pure pyrite (e) and arsenian
pyrite (f); EDS elemental mapping of arsenian pyrite cubic micro-particles (g—i).
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3. Results
3.1. Characterization of as-prepared pyrite and arsenian pyrite

Fig. 1a shows the powder X-ray diffraction (XRD) patterns of the as-
synthesized pure pyrite and arsenian pyrite (As-pyrite). Pyrite was found
to be the only crystalline phase in both samples. The diffraction peaks at
2e =28.51°, 33.08°, 37.11°, 40.78°, 47.41°, 56.28°, 59.02°, 61.69°, and
64.28° were well attributed to the (111), (200), (210), (211), (220),
(311), (222), (023), and (321) planes of cubic pyrite (FeSz) (JCPDS card
no. 42-1340) with a space group of Pa3, respectively (Nie et al., 2022).
Compared with pure FeSj, no peak shifts of arsenian pyrite could be
observed, indicating no phase change after a small amount of As doping.
The characteristic diffraction peaks are sharp, suggesting good crystal-
linity of both pure pyrite and arsenian pyrite. However, the intensity of
the XRD peaks of arsenian pyrite were found to be weaker than that of
pure pyrite due to the substitution of S by As favors the formation of
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sulfur vacancies and distortion of the pyrite structure (Abraitis et al.,
2004; Blanchard et al., 2007; Deditius et al., 2008). The Raman spectra
of pure pyrite and arsenian pyrite (Fig. S1) display three peaks at 340,
372, and 423 cm’l, which represent the Fe—S liberational motion (Eg),
Fe—S stretching motion (Ag) and S—S stretching motion (Tg) modes of
pyrite crystals, respectively (Wen et al., 2015). No other obvious feature
of vibrational peaks of iron sulfides and oxides could be observed,
implying once again that pyrite is the sole phase for both pyrite and
arsenian pyrite samples (Gong et al., 2013).

Fig. 1b, ¢, and d, illustrate the X-ray photoelectron spectroscopy
(XPS) of arsenian pyrite. The surface of arsenian pyrite is composed of
the elements S (about 50 wt% or 65 at.%), Fe (about 46 wt% or 33 at.%),
and a small amount of As (about 2.5 wt% or 1.5 at.%). The S 2p bands
can be fitted with the doublets at binding energies of 162.4 and 163.6
eV, which corresponds to polysulfide species (S37) in pyrite or (AsS)?~
anions in arsenian pyrite (Blanchard et al., 2007; Mikhlin et al., 2006).
The Fe 2ps,; peak at 707.2 eV is assigned to low spin bulk Fe?* in pyrite.

Fig. 2. (a) Adsorption curves of AuNPs (the initial concentration was 58 ppm) on pure pyrite or arsenian pyrite at pH 4.0 under anoxic condition; SEM images of
arsenian pyrite before (b) and after (c and d) adsorption of AuNPs at pH 4.0 after 312 h stirring under anoxic condition; (e¢) SEM image of the mixture of pure pyrite
and arsenian pyrite after adsorption of AuNPs for 312 h at pH 4.0; EDX analysis (f) of arsenian pyrite recorded from the red circled area of Fig. 2d. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The other two peaks centered at 708 and 709 eV are attributed to two Fe
surface states of Fe-surf.-I and Fe-surf.-II, respectively (Nesbitt et al.,
1998; Zhu et al., 2018). The As 3d peak at 41.2 eV reveals an oxidation
state of As'~ for the synthetic arsenian pyrite samples, which suggests
incorporation of arsenic within the pyrite lattice forming (AsS)?~ dia-
nion groups by substituting for tetrahedral sulfur (Blanchard et al.,
2007; Le Pape et al., 2017; Mikhlin et al., 2006; Qiu et al., 2018).

The morphology of the pure pyrite and arsenian pyrite samples was
characterized by SEM (Fig. le-i). Fig. 1e shows the typical cubic shape
of pure pyrite particles with a size of ca.500-700 nm. For arsenian pyrite
(Fig. 1f), the size of the cubic particles ranged from 1.5 to 4 pm, sug-
gesting that the As'~ incorporation into FeSy may be beneficial to crystal
growth (Le Pape et al., 2017). The specific surface areas of pure pyrite
and arsenian pyrite were measured to be ~5 and ~ 0.8 m2/g, respec-
tively, qualitatively in accordance with their particle sizes. Fig. 1g-i
show the Energy dispersive spectroscopy (EDS) elemental mapping
analysis recorded from the yellow squared area in Fig. 1f. The EDS re-
sults confirm the element composition of arsenian pyrite (S/Fe ~2, As
2.4-2.8 wt%) consistent with the XPS spectra.

3.2. Adsorption of AuNPs on pure pyrite and arsenian pyrite

Fig. 2a shows the adsorption curves of AuNPs in a suspension con-
taining pure pyrite or arsenian pyrite at pH 4.0 under anoxic condition.
Apparently, Au concentration in the liquid phase remained almost un-
changed within 312 h in the presence of pure pyrite, indicating negli-
gible adsorption of AuNPs on the pure pyrite surface. Additional
adsorption experiments of AuNPs by pure pyrite (Fig. S2) under
extended pH range (4.0-7.4) further demonstrated that AuNPs could not
be adsorbed by pure pyrite regardless of the pH values. In contrast, when
mixing AuNPs with arsenian pyrite in a suspension at pH 4.0, Au con-
centration in the liquid phase gradually decreased with the stirring time.
The residual Au concentration in the liquid phase at 264 h became
approximately 13% compared with initial AuNPs colloids, indicating
that ~87% of AuNPs were adsorbed by the arsenian pyrite. Further
increasing the stirring time to 312 h did not significantly lower the re-
sidual Au concentration in the liquid phase (~10%). The adsorption
data within 264 h follows the pseudo-zeroth-order kinetics (Co — C =
0.0035 t) with a high regression coefficient R? value (0.9903). Fig. 2b-
d shows the SEM images of arsenian pyrite before and after adsorption
with AuNPs at pH 4.0. The surface of the cubic arsenian pyrite particles
appears quite smooth and clean before the adsorption of AuNPs
(Fig. 2b), while a large number of AuNPs are clearly observed on the
surface of arsenian pyrite after adsorption (Fig. 2c and d). EDS analysis
(Fig. 2f) confirms the presence of Au on arsenian pyrite, which also in-
dicates that the molar ratio of S/Fe/As remained nearly unchanged
before and after adsorption with AuNPs.

To further test whether AuNPs could be preferentially adsorbed on
arsenian pyrite instead of pure pyrite, an adsorption experiment in a
suspension containing both pure pyrite and arsenian pyrite with
equivalent mass was also carried out. Approximately 50% AuNPs were
adsorbed within 312 h. Fig. 2e shows the SEM image of the mixture of
pure pyrite and arsenian pyrite after adsorption of AuNPs within 312 h
at pH 4.0. Similar to the abovementioned results, no obvious AuNPs
could be found on the surface of pure pyrite having a smaller size of
ca.500-700 nm. Nevertheless, a large number of Au nanoparticles were
observed on the surface of arsenian pyrite having a larger size of 1.5-4
pm. The result confirms that AuNPs would be preferentially adsorbed on
the arsenian pyrite surface rather than pure pyrite, indicating that the
incorporation of arsenic into pyrite facilitates the adsorption of AuNPs.
It should be noted that the specific surface area of pure pyrite is 6-7
times higher than arsenian pyrite, negligible adsorption of AuNPs on
pure pyrite surface and significant adsorption of AuNPs on arsenian
pyrite surface were observed. Therefore, this means that the differences
in specific surface areas of pure pyrite and arsenian pyrite should not be
the dominant factor controlling adsorption of AuNPs.
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The surface chemical composition and chemical state of the arsenian
pyrite after adsorption of AuNPs for 312 h were characterized by XPS
(Fig. S3). As shown, the sample is mainly composed of the elements S
(Fig. S3A), Fe (Fig. S3B), and a small amount of As (Fig. S3C) and Au
(Fig. S3D). Compared with the spectra of arsenian pyrite before
adsorption of AuNPs (Fig. 1b-d), no detectable changes of oxidation
state and relative content for S, Fe and As could be observed, confirming
that there is no oxidation of the arsenian pyrite surface during the
adsorption process of AuNPs. Supplemental Fig. S3D shows the char-
acteristic XPS spectrum of metallic gold (Au 4f;,5 binding energy at 84.1
eV), indicating that AuNPs was successfully adsorbed onto the surface of
arsenian pyrite.

3.3. Effect of initial suspension pH on AuNPs adsorption on arsenian
pyrite

The effect of pH on the adsorption behavior of AuNPs on the arsenian
pyrite surface was systematically investigated (Fig. 3). Fig. 3a shows the
adsorption curves of AuNPs on arsenian pyrite at different initial pH
values. Clearly, adsorption of AuNPs was highly pH dependent, with
adsorption efficiency steadily decreasing with increasing initial sus-
pension pH from 4.0 to 7.4 (data below pH 4.0 not considered due to
apparent homoaggregation of AuNPs). For instance, approximately
90%, 65%, and 4% of AuNPs were adsorbed after 312 h of stirring at an
initial pH of 4.0, 5.0, and 6.0, respectively. However, Au concentration
in the supernatant remained almost unchanged within 312 h when the
initial pH exceeded 7.4. SEM images of arsenian pyrite after adsorption
with AuNPs at different initial pHs with the stirring time of 312 h are
given in Fig. 3 d-e. At pH 4.0, numerous AuNPs could be observed on the
arsenian pyrite surface after 312 h of adsorption (Fig. 3d), while the
number of adsorbed AuNPs became remarkably reduced when the initial
suspension pH was increased to 5.0 (Fig. 3e). When the initial pH of
suspensions was further increased to 6.0, almost no AuNPs could be
observed on the surface of arsenian pyrite (Fig. 3f).

The pH values of the above adsorption suspensions with different
initial pHs are presented in Fig. 3b, which indicates that the suspension
pH gradually increased with the stirring time regardless of the initial
pHs. Specifically, the pH of the suspension with an initial pH of 4.0, 5.0,
6.0, and 7.4 rose to 4.61, 5.87, 7.41, and 8.32 at 312 h, respectively,
suggesting the release of OH™ or consumption of H' during the
adsorption process. Because citrate functioned as both a reducing and
stabilizing agent when synthesizing AuNPs, it should be noted that a
considerable amount of citrate (~1 mM) remained in the final gold
colloids as well as the adsorption suspensions. Hence, for comparison,
arsenian pyrite was also mixed with water in the absence of citrate and
AuNPs, and the corresponding pH variations of suspensions with
different initial pHs are shown in Fig. 3c. A similar ascending trend of
the pH variation with stirring time was observed for suspensions without
citrate and AuNPs. Interestingly, the pH values of suspensions without
citrate (especially those with low initial pHs, e.g., 4.0 and 5.0) increased
more significantly compared with suspensions containing 1 mM citrate,
reaching ~7.38, 7.44, 7.42, and 8.40 at 312 h for suspensions with
initial pH 4.0, 5.0, 6.0, and 7.4, respectively.

3.4. Effect of citrate concentration on the adsorption behavior of AuNPs
on arsenian pyrite

The effect of organics on the adsorption behavior of AuNPs on
arsenian pyrite were investigated with different concentrations of cit-
rate. Fig. 4a shows the adsorption curves of AuNPs on arsenian pyrite at
different citrate concentrations at initial pH 4.0. When the citrate con-
centration increased from 1 to 2 mM, the adsorption rate of AuNPs
slightly decreased and the adsorption efficiency of AuNPs at 312 h also
decreased from 90% to 87%. On the other hand, when further increasing
the citrate concentration to 5 and 7.5 mM, the adsorption rate of AuNPs
greatly increased. For the suspension with 5 mM citrate, approximately
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Fig. 3. (a) Adsorption curves of AuNPs on arsenian pyrite at different initial pH values; changes of the suspension pH with different initial pHs and stirring times
during adsorption process of AuNPs (b) and in pure water without AuNPs (c); SEM images of arsenian pyrite after adsorption of AuNPs at different initial pHs after

stirring for 312 h: (d) pH 4.0; (e) pH 5.0; (f) pH 6.0.

98% of AuNPs were adsorbed onto arsenian pyrite after 312 h of stirring.
In the presence of 7.5 mM citrate, an almost thorough adsorption of
AuNPs could be reached only after 170 h. Because homoaggregation of
AuNPs could be obviously observed when the citrate concentration
reached 10 mM, adsorption experiments with citrate concentration
above 7.5 mM was not conducted. SEM images of arsenian pyrite after
312 h stirring with AuNPs in the presence of different citrate concen-
trations demonstrates substantial adsorption of AuNPs (Fig. 4c-f).
Consistent with the measurements in Fig. 4a, the amount of adsorbed
AuNPs appears to slightly decrease with the increase of citrate concen-
tration from 1 to 2 mM (Fig. 4c and d), which however increased
significantly with the citrate concentration further increased to 5
(Fig. 4e) and 7.5 mM (Fig. 4f).

Fig. 4b illustrates the changes of suspension pH at different initial
citrate concentrations. The pHs of all suspensions gradually increased
with the stirring time. Nevertheless, the magnitude of pH change
dramatically decreased with the increase of citrate concentration. With
the same initial pH of 4.0, the suspension pH at 312 h was 4.61, 4.17,
4.10, and 4.03 for citrate concentration of 1, 2, 5, and 7.5 mM,
respectively, implying a higher pH buffering effect with a higher citrate
concentration.

3.5. Effect of ionic strength on the adsorption behavior of AuNPs on
arsenian pyrite

The influence of ionic strength on the adsorption of AuNPs on
arsenian pyrite was studied by adding different concentrations of NaCl.
Fig. 5a illustrates the adsorption curves of AuNPs on arsenian pyrite at
initial pH 4.0 and with different NaCl concentrations. The adsorption
rate of AuNPs without the addition of NaCl was slower than that in the
presence of additional NaCl. When the concentration of added NaCl
increased from 0 to 10 mM, the adsorption efficiency of AuNPs at 312 h
increased from 90 to 96%. Fig. 5¢c-e show SEM images of arsenian pyrite
after 312 h adsorption with AuNPs at initial pH 4.0 and different NaCl

concentrations. Based on SEM observation, the particle size of the
adsorbed AuNPs increased significantly with the addition NaCl, sug-
gesting that the increase of ionic strength may promote the agglomer-
ation of AuNPs adsorbed onto arsenian pyrite. The pH changes during
the adsorption processes within the suspensions at an initial pH of 4.0
and with the addition of different concentrations of NaCl is shown in
Fig. 5b, which shows again that the suspension pH gradually increased
with the stirring times.

4. Discussion
4.1. Surface charge properties of AuNPs, pyrite, and arsenian pyrite

To understand the surface charge characteristics of AuNPs, arsenian
pyrite and pure pyrite, their zeta potentials were measured. Fig. 6a il-
lustrates the zeta potential values of AuNPs, arsenian pyrite and pure
pyrite in the absence or presence of citrate at different pHs. The zeta
potential values of AuNPs were negative in the pH range of 2.8-10.1,
indicating that AuNPs are negatively charged at all tested pH conditions.
The zeta potential became increasingly more negative with increasing
pH from 2.8 to 7.0, suggesting a higher surface negative charge density
of AuNPs at higher pH. When the pH exceeds 7.0, the zeta potential
began to become less negative. However, the relative high negative
values of the zeta potential (<—20 mV) in the pH range of 4.0-10.1
further confirm the reasonable dispersion stability of AuNPs in solution.
As a commonly used reductant to synthesize and stabilize AuNPs, citrate
will bind to surface gold atoms via central carboxyl groups to form co-
valent Au—O bonds (Al-Johani et al., 2017; Park and Shumaker-Parry,
2014; Sharma et al., 2014). Fig. S4 shows the relative abundances of
citric acid species in aqueous solution at different pHs. Citric acid is a
triprotic acid (pKy; = 3.13, pKyz = 4.76 and pK,3 = 6.40), thus the
deprotonation of citric acid increases with increasing the pH, and
consequently, the surface charge as well as the zeta potential of AuNPs
became generally more negative at higher pH (Beck, 1977; Luo et al.,
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Fig. 4. Adsorption curves of AuNPs on arsenian pyrite at different citrate concentrations at initial pH 4.0 (a) and changes of the suspension pH at different initial
citrate concentrations (b); SEM images of arsenian pyrite after 312 h adsorption with AuNPs at initial pH 4.0 and different concentrations of citrate: (¢c) 1 mM; (d) 2

mM; (e) 5 mM; (f) 7.5 mM.

2018). However, under alkaline conditions, the electrostatic repulsion
between neighboring highly deprotonated citrate (obtaining a 3-charge)
would reduce the surface coverage of citrate on the surface of AuNPs,
and consequently reduce the surface charge density and the absolute
value of the zeta potential of AuNPs (Luo et al., 2018; Park and
Shumaker-Parry, 2015).

The zeta potential values of both arsenian pyrite and pure pyrite are
also dependent on the solution pH, and the isoelectric point (pHjep) of
arsenian pyrite and pure pyrite in the absence of citrate is ~pH 2.2 and
pH 1.5, respectively. Thus, both arsenian pyrite and pure pyrite are
negatively charged within the pH range of our adsorption experiment
due to the presence of various types of dissociable groups, including

=S-H, =S-OH, and =Fe-OH on the pyrite surface, which would be
protonated to generate positive charge at pH < pHiep and deprotonated
to yield negatively charged surface sites at pH > pHje, (Bebie et al,,
1998; Weerasooriya and Tobschall, 2005). A lower atomic electroneg-
ativity for elemental arsenic (5.3 eV) than sulfur (6.22 eV) at the mineral
surface seems to make arsenian pyrite have a higher pHie, value than
pure pyrite (Bebie et al., 1998). Furthermore, the zeta potential of pure
pyrite was more significantly negative than arsenian pyrite in pure water
without citrate at pH > 2.2, suggesting that the pure pyrite surface
possesses more negative charges than arsenian pyrite. This is likely due
to a lower atomic proportion of sulfur on arsenian pyrite surface, which
decreases the density of amphoteric surface groups such as =S-H and
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Fig. 5. Adsorption curves of AuNPs on arsenian pyrite (a) and changes of the suspension pH (b) at initial pH 4.0 and with different NaCl concentrations; SEM images
of arsenian pyrite after 312 h adsorption with AuNPs at initial pH 4.0 and different NaCl concentrations: (¢c) 0 mM; (d) 5 mM; (e) 10 mM.

=S-OH, and consequently reduces negative charge density of arsenian
pyrite compared to pure pyrite. This suggests that the sulfur surface
groups are the dominant surface functional groups and govern the sur-
face chemical and electrokinetic properties of pure pyrite and arsenian
pyrite to a large extent (Bebie et al., 1998).

Compared with the pure water systems, there were only minor dif-
ferences in the pHie, values for both arsenian pyrite and pure pyrite
upon the addition of citrate. Only subtle differences in the zeta potential
values of pure pyrite in the absence and presence of citrate could be
observed from pH 2 to 11, suggesting that citrate may not interact with
the pure pyrite surface. However, the addition of citrate into the
arsenian pyrite suspension significantly increased the values of negative
surface potentials compared to the citrate-free system, and the zeta
potential dramatically became more negative with an increase of the
suspension pH. For instance, the zeta potential of arsenian pyrite
increased in magnitude from —7.5 mV in pure water to —21.5 mV in 1
mM citrate at pH 3.0 and from —18.0 mV in pure water to —79.0 mV in 1
mM citrate at pH 7.5. This suggests that citrate could intimately interact
with the surface groups of arsenian pyrite unlike pure pyrite. With
increasing the suspension pH, the dissociation of citric acid and its
negative charge increases, the zeta potential dramatically became more
negative. At pH over 7.5, the absolute value of the zeta potential reached
a plateau due to nearly complete dissociation of citric acid (Luo et al.,
2018). However, the HPLC chromatograms (Supplemental Figs. S5 and
S6) of the supernatants obtained from the suspensions containing
arsenian pyrite and 1 mM citrate at different reaction intervals under
different pHs did not show an obvious decrease in citrate concentration
because of the relatively low specific surface area of arsenian pyrite
(Uchimiya et al., 2017).

To further validate the effects of solution conditions on the surface
charge characteristics of arsenian pyrite and AuNPs during the adsorp-
tion processes, the variations of the zeta potential of arsenian pyrite and
AuNPs were also measured at different stirring times at different

conditions, including initial pH (Fig. 6b), concentrations of citrate
(Fig. 6¢), and ionic strengths (Fig. 6d). Fig. 6b shows the variations of
zeta potentials of arsenian pyrite at different initial pHs in the presence
of 1 mM citrate. The zeta potential of arsenian pyrite at initial pH 4.0,
5.0, and 6.0 was —29.15, —51.58, and — 68.26 mV, respectively, at 2 h,
and then increased in magnitude to —45.33, —66.56, and — 79.57 mV at
312 h, respectively (Fig. 6b). This is ascribed to the increased solution
pH (from 4.0, 5.0, and 6.0 to 4.61, 5.87, and 7.41, respectively) (Fig. 3b
and c), which induces the zeta potential to become more negative. The
increase of solution pH with stirring time may be related to the release of
OH™ or proton assimilation originating from a surface complexation of
H* onto arsenian pyrite during the dissolution process according to the
following scheme: =FeS, + H' — =FeSy-H' — =Fe?*'HS, - =S,H +
Fe?t (Weerasooriya and Tobschall, 2005). This speculation is further
confirmed by the results of Fe®" release into the solution (Supplemental
Fig. S7), in which the increase of the concentration of dissolved Fe’' is
accompanied an increase in solution pH during the adsorption pro-
cesses. At higher initial pH (e.g. 7.4), the zeta potential of arsenian pyrite
showed no significant changes with increasing the stirring time, which is
similar to the trend (as shown in Fig. 6a) that the zeta potential of
arsenian pyrite reached a relatively constant value at a solution pH over
7.5.

Fig. 6¢ illustrates the variations of zeta potentials of AuNPs and
arsenian pyrite as a function of citrate concentration at initial pH 4.0. As
shown, increasing citrate concentration from 1 to 7.5 mM led to the zeta
potential of AuNPs significantly becoming more negative from —20.8 to
—34.8 mV due to an increased citrate surface coverage of AuNPs.
However, with a stirring time of 2 h, the magnitude of the negative zeta
potential of arsenian pyrite initially increased slightly from —29.15 to
—31.77 mV with the citrate concentration increasing from 1 to 5 mM,
and then remarkably decreased to —21.27 mV (7.5 mM citrate). This
may be attributed to an increase of adsorbed citrate by arsenian pyrite as
the citrate concentration increased in the solution which gives more
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Fig. 6. Variations of zeta potentials of: (a) arsenian pyrite and pure pyrite in the absence or presence of citrate, and as-prepared AuNPs as a function of solution pH;
(b) arsenian pyrite at different initial pHs in the presence of 1 mM citrate; (c) AuNPs and arsenian pyrite as a function of citrate concentration at initial pH 4.0; (d)
arsenian pyrite with addition of different concentrations of NaCl in the presence of 1 mM citrate (initial pH 4.0).

credence to the aforementioned assumption that the citrate could
interact with the surface of both arsenian pyrite and AuNPs. However,
excessive citrate (7.5 mM) in the solution will increase the ionic
strength, resulting in the decreased absolute zeta potential values of
arsenian pyrite (Marzun et al., 2014). Furthermore, with increasing the
stirring time, the zeta potential for arsenian pyrite would move toward a
more negative direction, but the increased magnitude in the absolute
value of zeta potential decreased with the increase of citrate concen-
tration in the solution. The zeta potential of arsenian pyrite for citrate
concentration of 1, 2, 5 and 7.5 mM was —45.33, —35.58, —35.01 and —
26.14 mV at 312 h, respectively. This is presumably mainly due to the
higher pH buffering capacity of higher concentration of citrate (Fig. 4b).
This phenomenon further confirms that the citrate ligand plays multiple
roles in the surface charge characteristics of arsenian pyrite.

Fig. 6d shows the variations of zeta potentials of arsenian pyrite with
addition of different concentrations of NaCl solution. The zeta potential
of arsenian pyrite became less negative with increasing ionic strength.
On the other hand, the zeta potential of AuNPs showed no significant
changes in response to an increase of ionic strength in this range (Sup-
plemental Fig. S8).

4.2. Adsorption mechanism of AuNPs on arsenian pyrite

Based on the above results, it is shown once again that surface
characteristics, especially surface charge characteristics, depend exqui-
sitely on the chemical composition and atomic structure of the surface,
the solution pH, and the solution chemical composition (in this case
including citrate concentration and ionic strength). In this particular
study, these surface and interface characteristics play crucial roles in the
adsorption of AuNPs on arsenian pyrite. The cumulative effects of these

physicochemical factors will determine the adsorption behavior of
AuNPs in complex aqueous environments (Sharma et al., 2015; Wang
et al., 2018). Although both arsenian pyrite and AuNPs are negatively
charged over the pH range of this study, and are thereby expected to
electrostatically repel each other, AuNPs can still be readily adsorbed on
arsenian pyrite at certain pH values. Therefore, the existence of elec-
trostatic attraction is not a necessary condition for the adsorption of
AuNPs. Multiple interaction forces contribute to the adsorption mech-
anism of AuNPs and offset the electrostatic repulsions to a certain degree
(Brittle et al., 2018; Fujita and Kobayashi, 2016).

It has been considered that the adsorption of AuNPs on arsenian
pyrite are possibly dominated by bridging AuNPs and arsenian pyrite via
citrate (Murphy and Strongin, 2009). A recognized explanation for the
favorable attraction between like-charged substances (citrate and
arsenian pyrite) is that a type of exceptionally strong hydrogen bonds
(much stronger than ordinary hydrogen bonds), known as negative
charge-assisted hydrogen bonds ((—)CAHBs), are formed between acidic
oxyl/thiol groups on arsenian pyrite surfaces and carboxyl groups on
citrate capping agents of AuNPs according to Egs. (1)-(3) shown below
(Ni and Pignatello, 2018; Uchimiya et al., 2017). The adsorption of
citrate on arsenian pyrite according to Egs. (1) and (3) will occur
without the release of OH™, while it will undergo release of OH™ in Eq.
(2). (—)CAHBs possess a certain degree of covalent character, and in the
limiting case makes it a 3-center, 4-electron covalent bond, which would
reduce the reaction energy barrier between citrate and arsenian pyrite,
thus facilitating the adsorption of citrate as well as AuNPs (Li et al.,
2015; Ni et al., 2011).

—COOH + ~0/~S — pyrite—( — COO---H--0/S — pyrite)~ €}
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—COO™ +H,0+ ~0/~S — pyrite—( — COO---H---0/S — pyrite)” + OH"
@

—COO~ +HO/HS — pyrite—( — COO--H-+-0/S — pyrite)”~ 3

To better understand the interaction mechanism between AuNPs and
arsenian pyrite, the C 1 s XPS (Fig. 7a) and ATR-FTIR spectra (Fig. 7b) of
the arsenian pyrite after adsorption of AuNPs were also measured. The
spectrogram of C 1 s can be divided into three peaks. The peak at 284.6
eV can be assigned to adventitious carbon or internal standard carbon
during XPS testing, or the C—C bond originated from citrate. And the
peaks at 286.3 and 288.6 eV are identified as the bonds of C—O—H and
C=O0, respectively, corresponding to the hydroxyl and carboxyl groups
of citrate (Liu et al., 2011; Mehtala and Wei, 2014). As shown in Fig. 7b,
for the sample stirred in pure water for 312 h, only one characteristic
FTIR peak at 433 cm™! can be observed owing to the stretch of
Fe2+—[82]2_ bonds. This is different from the standard spectrum of py-
rite (407 cm™1), suggesting that the incorporation of arsenic within the
pyrite lattice could result in a peak shift to a higher wavenumber region
(Sun et al., 2017). The band at 2360 cm ™! is attributed to absorbed COy
in air during ATR-FTIR testing. After adsorption of AuNPs, there are
many new peaks at 3500, 1752, 1654, and 1430 cm™! that are observed.
The broad band near 3500 cm ™ is related to the stretching vibration of
hydroxyl groups (-OH) which originated from -COOH or H,O absorbed
on the surface of samples (Nie et al., 2014). The peak at 1752 cm !
represents C=O stretching vibration in the -COOH group. Specifically,
the band observed at 1654 cm™' might be ascribed to the stretching
vibration of C=0O groups in the (—)CAHBs of (—COO---H---O/S —
pyrite) , in which the sharing of delocalized negative charges causes the
equalization of electron density of C—=0 groups and the decrease of their
bond force constants, and thus resulting in the reduced absorption fre-
quency and the red-shifted stretching vibration from 1752 to 1654
cm™L. The peak at 1431 cm ™! is attributable to the in-plane bending of
—-COH (Yang et al., 2017). These results confirm that the (—)CAHBs
between citrate and arsenian pyrite might be the main interaction
responsible for the adsorption of AuNPs onto arsenian pyrite.

According to extended DLVO (XDLVO) theory, the total potential
energy, which is the sum of attractive (e.g., van der Waals attraction and
(—)CAHBs between arsenian pyrite and AuNPs) and repulsive forces (e.
g., electrostatic double layer (EDL) derived from charged surfaces of
particles), should determine whether AuNPs can be adsorbed onto
arsenian pyrite (Hotze et al., 2010; van Oss, 2003). When the attractive
forces are greater than the repulsive forces, the adsorption of AuNPs on
arsenian pyrite should occur. Such an adsorption process at favorable pH
could be attributed to the synergistic effect between a multisite surface
anchoring effect (formed through multiple (—)CAHBs) and van der
Waals attraction (between arsenian pyrite and AuNPs). Fig. 8 demon-
strates that the adsorbed citrate on arsenian pyrite can serve as
anchoring units to link both AuNPs and arsenian pyrite via multiple (—)
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CAHBs, which efficiently enable AuNPs to anchor on arsenian pyrite
surfaces by overcoming energy barriers (Al-Johani et al., 2017; Brittle
et al., 2018; Park and Shumaker-Parry, 2014; Wang et al., 2015). The
pseudo-zeroth-order kinetics also implies that the adsorption rate of
AuNPs depends on the surface state of arsenian pyrite, i.e. available
adsorption site density on arsenian pyrite surface as well as the contri-
bution of (—)CAHBs between AuNPs and arsenian pyrite surfaces con-
trolling the adsorption process (Jia et al., 2017; Yang et al., 2012b). As
shown in Fig. 9, the schematic diagram of adsorption mechanisms for
AuNPs on arsenian pyrite surface is proposed based on the above dis-
cussion. Overall, the combined effect of van der Waals attraction, (—)
CAHBs, and electrostatic repulsion forces, which are influenced by the
above-mentioned multiple factors, will determine the adsorption
behavior of AuNPs on arsenian pyrite surface.

The surface structure of arsenian pyrite and AuNPs, including surface
charge characteristics and types of surface functional groups, is critical
to the adsorption process (Hotze et al., 2010; Mu et al., 2014; Yang et al.,
2015). The decreased abundance of negatively charged thiol groups on
arsenian pyrite surface leads to a less negative surface charge density
compared with pure pyrite, and thus results in an obvious adsorption of
AuNPs on arsenian pyrite surfaces rather than pure pyrite due to the
decreased electrostatic repulsion between arsenian pyrite and AuNPs.

Nevertheless, (—)CAHBs are expected to be most energetically
favorable at lower pH value (Li et al., 2015). Increasing pH enhances the
EDL repulsion force between AuNPs and arsenian pyrite due to their
increasing negative surface charge, suggesting that electrostatic inter-
action is a primary mechanism at higher pH (>6.0). At lower pH (4.0
and 5.0), the electrostatic repulsion between the relatively less
negatively-charged surface of arsenian pyrite and AuNPs could be offset
by attractive forces (van der Waals attraction and (—)CAHBs), which
allows AuNPs to adsorb onto arsenian pyrite. Furthermore, the adsorbed
AuNPs on arsenian pyrite will exert electrostatic repulsion to the sus-
pended AuNPs in the solution to create a substantial energy barrier
inhibiting further adsorption. This blocking effect is clearly supported
by the observation that the adsorbed AuNPs on arsenian pyrite is well-
separated and unagglomerated, and can be amplified at increased so-
lution pH due to significantly increased negative charge on the surface of
both AuNPs and arsenian pyrite (Fujita and Kobayashi, 2016; Luo et al.,
2018).

Several mechanisms can elucidate the role of citrate during the
adsorption of AuNPs on arsenian pyrite: (1) enhancing the negative
surface charge of arsenian pyrite and AuNPs originating from higher
citrate surface coverage; (2) competing for the adsorption sites with
AuNPs; (3) serving as new adsorbing sites on arsenian pyrite surfaces
which are beneficial to form (—)CAHBs between adsorbed citrate on
arsenian pyrite and AuNPs; (4) offering more anchoring agents; (5)
increasing the ionic strength of the solution; and (6) buffering the so-
lution pH during the adsorption process (Uchimiya, 2014; Wang et al.,
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Fig. 7. (a) The C 1 s XPS of the arsenian pyrite after adsorption of AuNPs; (b) the attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of the

arsenian pyrite after adsorption of AuNPs and stirred in pure water for 312 h.
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Multisite surface anchoring effect

Fig. 8. Schematic diagram of multisite surface anchoring effect via negative charge-assisted hydrogen bonds.
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Fig. 9. Proposed schematic diagram of adsorption mechanisms for AuNPs on arsenian pyrite surface.

2015; Yang et al., 2012a). The mechanisms of (1)—(2) will impede the 2015). The overall effect is that a higher citrate concentration could

adsorption of AuNPs, while (3)-(6) will be conducive to the adsorption significantly enhance the adsorption rate of AuNPs.

of AuNPs. Thus, the multiple interaction mechanisms, depending on the Increasing ionic strength can reduce the zeta potential (consistent
citrate concentration, ultimately modulate the surface charge and thus with Fig. 6d) and screen the repulsive forces owing to the decreased
adsorption behavior of AuNPs by means of van der Waals interactions, thickness of the electrostatic double layer. This results in the decrease of
electrostatic repulsion, and (—)CAHBs interactions (Gunsolus et al., the maximum energy barrier of electrostatic repulsive forces between
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negatively charged AuNPs and arsenian pyrite, which favors the
adsorption of AuNPs (Atalay et al., 2014; Marzun et al., 2014; Tosco
et al., 2012).

Based on direct spectral evidence (Fig. 7), we can unambiguously
assert that the nature of surface sites of arsenian pyrite and the solution
chemistry (especially pH) are primary factors governing the adsorption
behavior of AuNPs. Desorption experiment was conducted by stirring
arsenian pyrite separated from sorption suspension. No AuNPs were
detected in the supernatant after stirring the arsenian pyrite adsorbed
with AuNPs for up to 17 days in a solution containing 1 mM citrate at pH
4.0. SEM images (Supplemental Fig. S9) indicate that most AuNPs were
still adsorbed on the surface of arsenian pyrite. The result suggests that a
small amount of surface-bound citrate on AuNPs could form strong (—)
CAHBs with the surface functional groups on the arsenian pyrite, which
may induce irreversible adsorption of AuNPs.

4.3. Geochemical implications

Aqueous complexations (e.g. hydrosulphide and chloride complexes)
have long been considered as the predominant transported species of
gold in hydrothermal systems. However, this hypothesis cannot readily
explain the formation of some ultrahigh-grade gold deposits by the
exceptionally low solubility of gold (ppb level) as aqueous complexa-
tions in hydrothermal fluids, and consequently, an alternative gold
transport mechanism is needed (Liu et al., 2019; McLeish et al., 2021;
Petrella et al., 2022). Several recent studies provided indirect and direct
evidence for the existence of gold nanoparticles (or colloidal gold par-
ticles) in hydrothermal fluids and many gold deposit types, indicating
that AuNPs may play an important role in transporting and/or accu-
mulating processes responsible for forming gold deposits (Gartman
et al., 2019; Gartman et al., 2017; Hannington and Garbe-Schonberg,
2019; Hannington et al., 2016; Liu et al., 2019; McLeish et al., 2021;
Petrella et al., 2020). Thus, a complete gold transport model in active
geothermal systems should include both dissolved and particulate gold
species. AuNPs or colloids with negative surface charge could be formed
in the deeper parts of hydrothermal systems and indefinitely transported
in a hydrothermal fluid phase in a natural system due to larger net
repulsive forces than net attractive forces (Hastie et al., 2021; McLeish
et al., 2021; Saunders, 1990; Williams-Jones et al., 2009). The transport
and deposition mechanisms of AuNPs should be significantly different
from the aqueous gold complexations in hydrothermal fluids. The
transport of gold in the form of nanoparticles with higher gold content is
more efficient than their transport in aqueous complexations in aqueous
solutions, which may explain the origin of high-grade gold ores (Petrella
et al., 2022; Saunders, 1990).

The transport, aggregation, and deposition of AuNPs to form much
larger Au masses may also be an important intermediary step in forming
high-grade gold deposits through changes in liquid phase conditions,
including pH, temperature, pressure or solution chemistry, and
adsorption via physical interaction with specific mineral surfaces
(Fougerouse et al., 2016; Hannington et al., 2016; Hough et al., 2011;
McLeish et al., 2021; Petrella et al., 2022; Saunders et al., 2020; Wil-
liams-Jones et al., 2009). For example, it has been suggested that
moderately acidic ore fluids (pH ~ 4-6) are more favorable for the
precipitation of Au in arsenian pyrite in hydrothermal systems (Cline,
2018; Hannington et al., 2016; Hu et al., 2002; Xie et al., 2017), which
coincides with our results that the adsorption and deposition of nega-
tively charged AuNPs on arsenian pyrite surfaces only occurs at pH < 6.
Furthermore, when AuNPs are mechanically transported in hydrother-
mal fluid mixed with high salinity seawater, they would be flocculated
and ultimately formed localized hyperenrichments of gold in the deposit
(McLeish et al., 2021).

Sulfide minerals (particularly arsenian pyrite) are important min-
erals in ores of magmatic, hydrothermal, and supergene origin. Au could
exist in these minerals mainly in the “invisible” state, including nano-
scale particles and/or chemically bound Au; a positive correlation
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between Au and As concentrations is observed (Deditius et al., 2014;
Reich et al., 2005). Our work suggests that AuNPs are preferentially
enriched on arsenian pyrite surfaces instead of pure pyrite via adsorp-
tion, which validates that arsenian pyrite acts as one of the major phases
controlling Au enrichment. Although many studies (all referenced here)
show that invisible Au may occur primarily as ionically bonded Au in
arsenian pyrite and AuNPs might be formed through subsequent meta-
morphic or weathering processes, our findings could also be used to
explain that the enrichment of Au(I) complexes may also be initially
controlled by surface properties, especially surface charge characteris-
tics of arsenian pyrite. Abundant crystal surface and bulk defects, orig-
inating from the incorporation of As, would also facilitate the adsorbed
Au which is incorporated into the growing arsenian pyrite lattice,
leading to a coupled geochemistry of Au and As in pyrite from various
hydrothermal ore deposits (Kusebauch et al., 2019; Wu et al., 2021).

In addition, numerous metal nanoparticles can be formed by natural
or manufacturing processes in various environments, including aerosols,
waters, soil, and microbial systems. These metal nanoparticles could
interact with various materials during transport processes, which ulti-
mately changes their transport and fate. Their cycle in various Earth
compartments also plays a crucial role in many geochemical processes
(Sharma et al., 2015). Our results indicate that the surface charge
properties of AuNPs and arsenian pyrite, which are partly controlled by
the solution properties, are largely responsible for the selective
adsorption behavior of AuNPs on arsenian pyrite, implying the high
complexity of the adsorption behaviors for metal nanoparticles on
mineral surfaces. The combined effects of various physicochemical
factors, including solid phase structure, pH, concentration and nature of
natural organic matter, ionic strength, ionic components, redox condi-
tions, will determine the aggregation, transport, and deposition of metal
nanoparticles.

Moreover, in Earth’s surface environment and many types of hy-
drothermal ore deposits, organic matter (e.g. humic substances) is a
ubiquitous and abundant constituent with concentrations ranging from
sub mg/L levels to tens of mg/L, which is stable and can form complexes
with Au via carboxyl (-COOH), hydroxyl (-OH), and thiol (-SH) groups,
and consequently will play a key role in the formation, transport and fate
of AuNPs (Crede et al., 2019; Hu et al., 2002; Sharma et al., 2015).
AuNPs could be typically stabilized and transported by various organic
matter, such as humic substances, saccharides, surfactants and polymers
(Saunders, 1990; Sharma et al., 2015). Our findings indicate that a
higher citrate concentration could significantly enhance the adsorption
rate of AuNPs due to the formation of (—)CAHBs between the surface of
arsenian pyrite and citrate-capped AuNPs. The citrate-caped AuNPs
solutions are stable up to 225 °C, implying that natural organic matter
may contribute to gold transport in various low-temperature hydro-
thermal systems and supergene environments and have an active role in
influencing the geochemical behavior of AuNPs (Crede et al., 2019; Liu
etal., 2019). Because the carboxyl groups of natural organic matter have
similar functions as on citrate, they would also very likely form strong
(—)CAHBs with specific mineral surfaces under certain conditions,
leading to the aggregation and deposition of AuNPs.

In terms of the fate of AuNPs, several environmental factors deter-
mine their transport and deposition in the complex environmental
matrices. It should be emphasized that the investigation of the transport,
fate, and reactivity for metal nanoparticles at elevated temperature and
pressure typical of near-surface to deep-crustal conditions is rare up to
now. More parameters should be taken into account for elucidating the
interaction mechanisms between metal nanoparticles and minerals
under hydrothermal condition, and thus further investigation should be
performed for better understanding the transport and deposition
mechanisms of AuNPs. Even so, our study should help in the under-
standing and prediction of nanoparticle-mineral interface interactions as
well as their related geochemical behavior in hydrothermal systems and
Earth’s surface environment.
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5. Conclusions

The adsorption behaviors of negatively charged AuNPs on synthetic
pyrite and arsenian pyrite were comparatively conducted under an
anaerobic condition. Negligible adsorption of AuNPs on pure pyrite
surface was observed under all experimental conditions. AuNPs could be
preferentially adsorbed on arsenian pyrite surface probably due to the
formation of strong negative charge-assisted hydrogen bonds between
hydroxyl/oxyl groups on the surface of arsenian pyrite and carboxyl
groups on citrate capping agents of AuNPs. The solution pH, coexisting
organics (citrate) concentration, and ionic strength are likely controls
for the adsorption processes of AuNPs on arsenian pyrite. The combined
effect of van der Waals attraction, negative charge-assisted hydrogen
bonds, and electrostatic repulsion forces, controls the adsorption
behavior of AuNPs on arsenian pyrite surface. These results imply that
AuNPs may be an important transport mechanism for gold in hydro-
thermal systems, and their subsequent flocculated aggregation and
deposition with arsenian pyrite may help explain the accumulating
processes contributing to the eventual formation of “invisible” gold in
sulfide minerals in many high-grade hydrothermal gold deposits. The
adsorption and deposition of AuNPs on arsenian pyrite surface not only
may be an important intermediary step in forming high-grade gold de-
posits, but may also have strong influence on the environmental fate and
transport of AuNPs in the Earth’s surface environment, which will affect
the bioavailability as well as toxicity of AuNPs on ecosystem and human
health. These findings will help to comprehensively explain the inter-
action mechanism between AuNPs and arsenian pyrite, and can also
provide new insights for understanding the transport and deposition
mechanism of gold nanoparticles in the hydrothermal systems and
assessing the environmental behavior of gold nanoparticles in the
Earth’s surface environment.
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